Climate models predict widespread increases in both drought intensity and duration in the next decades. Although water deficiency is a significant determinant of plant survival, limited understanding of plant responses to extreme drought impedes forecasts of both forest and crop productivity under increasing aridity. Drought induces a suite of physiological responses; however, we lack an accurate mechanistic description of plant response to lethal drought that would improve predictive understanding of mortality under altered climate conditions. Here, proxies for leaf cellular damage, chlorophyll a fluorescence and electrolyte leakage, were directly associated with failure to recover from drought upon re-watering in Brassica rapa (genotype R500) and thus define the exact timing of drought-induced death. We validated our results using a second genotype (imb211) that differs substantially in life history traits. Our study demonstrates that while changes in carbon dynamics and water transport are critical indicators of drought stress, they can be unrelated to visible metrics of mortality, i.e. lack of meristematic activity and re-growth. In contrast, membrane failure at the cellular scale is the most proximate cause of death. This hypothesis was corroborated in two gymnosperms (Picea engelmannii and Pinus contorta) that experienced lethal water stress in the field and lab. We suggest that measurement of chlorophyll a fluorescence can be used to operationally define plant death arising from drought, and improved plant characterization can be used to test and enhance surface model predictions of drought mortality and its consequences to ecosystem services at a global scale.
that can precisely explain the physiology of plant stress responses that lead to mortality.
24
Also, no existing process model can accurately predict when a plant will die from severe 25 water stress (Zeppel et al., 2011; Anderegg et al., 2012; Brodribb and Cochard, 2009; 26 McDowell et al., 2013; Adams et al., 2013; Xu et al., 2013; Meir et al., 2015; Mencuccini 27 et al., 2015) . A quantifiable definition of drought mortality is needed that resolves death 28 on the daily time scale so that we can predict if the timing of drought alleviation (through 29 rain or irrigation) will allow plant recovery.
30
Currently, there are two preeminent hypotheses regarding mechanisms of plant 31 mortality in response to drought, hydraulic failure and carbon starvation. In both 32 hypotheses, drought causes hydraulic limitation, with the subsequent development of 33 high tension in the xylem water column and the closure of stomata (Tyree and Sperry, 34 1988) . Under the first hypothesis, if water tension in the xylem does not recover upon re-35 watering, then progressive cavitation will lead to hydraulic failure and death of the plant 36 (Sperry, 2000; Sperry et al., 1988; Urli et al., 2013; McDowell et al., 2008) . The carbon 37 starvation hypothesis proposes that the reduction in carbon assimilation due to stomatal 38 closure forces plants into a sustained negative carbon balance and ultimately leads to 39 death of the plant. Although various studies have found a decline in carbohydrates in 40 drought conditions (Dietze et al., 2014; McDowell, 2008) , this decrease seems to reduce 41 plant survival only in droughted trees that also experienced shade or high temperature 42 stress (Sevanto et al., 2014a; Adams et al., 2009) . A more recent hypothesis recognizes 43 that these two mechanisms are fundamentally inextricable; indeed, they may be have used a variety of methods to test these hypotheses (Sperry, 2000; Sperry et al., 1988;  47 Urli et al., 2013; McDowell et al., 2008; Adams et al., 2009; Sevanto et al., 2014a) . Some 48 approaches are extremely laborious; others present practical limitations (Brodribb and 49 Cochard, 2009). Regardless of the method chosen, all current models fail to realistically 50 predict the time of death, namely when droughted plants will not recover upon renewed 51 irrigation or a precipitation event (Anderegg et al., 2012a; Brodribb and Cochard, 2009; 52 McDowell et al., 2013; Adams et al., 2013; Xu et al., 2013; Meir et al., 2015; Mencuccini 53 et al., 2015; Mackay et al., 2015) . (Bajji et al., 2001; Sutinen et al., 1992) .
61
Moreover, in cases of prolonged desiccation, the accumulation of reactive oxygen species 62 (ROS) may lead to biochemical disruption of membranes and result in mortality (Petrov 63 et al., 2015; Suzuki et al., 2012) . A fatal failure at the cellular scale can happen in various 64 organs at different times, which permits differentiation of remaining parenchymatic cells which causes mortality by hydraulic failure from blue-stain fungal occlusion of xylem 95 (Frank et al., 2014) . We observed that our proxies for cellular damage, chlorophyll a 96 fluorescence and electrolyte leakage, were strongly associated with mortality in both 97 phenotypically differentiated genotypes (R500 and imb211) of a herbaceous species as 98 well as in tree species.
99
We conclude that changes in carbon dynamics and water transport are important 100 signs of drought stress; however, these mechanisms do not adequately define plant 101 mortality (McDowell, 2011; McDowell et al., 2008; Sevanto et al., 2014a; Skelton et al., 102 2015). Our results precisely identify the time of death from drought for individual plants 103 and membrane failure at the cellular scale resulted in the most proximate cause of death.
104
This mechanism should be accounted for in future models of plant response to extreme 105 environmental stresses. We show chlorophyll a fluorescence to be a quantitative and 106 rapid screen for membrane failure, which can be applied at large scales and will improve 107 predictive capacity of global models forecasting climate impacts on both forests and 108 crops.
10 10 harvesting time, we measured/assayed at least 6 plants per treatment (well-watered, 119 droughted, and re-watered). The soil water potential (Ψ S ) decreased from -0.2 ± 0.1 MPa 120 at the beginning of the drought treatment to a -5 ± 0.1 MPa at the end (Fig. S1B) Petrov et al., 2015) , which described the process of recovery as evidence (Fig. 1B) . This 134 result reflects elevated leaf respiration, which occurred despite restoring midday soil 135 moisture (%) to pre-drought levels (Fig. S2) . The average value for the re-watered cohort 136 was closer to zero at day 14 of drought (Fig. 1A) . We ascribe the largest drop in net 137 assimilation (between 8 and 12 days of drought treatment) to the simultaneous decline in 138 leaf water potential (Ψ L ) (Fig. 1A) . Overall, the water potential of the aboveground tissue 139 decreased from -0.2 ± 0.1 MPa to -4.0 ± 0.7 MPa. At night, after an initial significant 140 decline (p < 0.01), respiration (R) in re-watered plants stayed constant, except at 16 days of drought when it was not significantly different from zero (Fig. 1A) . The difference 142 between night R and the recorded day R is likely explained by the significant difference 143 in temperature (32 ± 2°C and 25 ± 4°C) between the day and night conditions in the 144 greenhouse and the metabolic pathways activated by light during day time (Hew et al., 145 1969). In the droughted cohort some plants showed near-zero A after 6-8 days of drought 146 when their soil moisture was still close to 20% (Fig. S2) . Taking into account the same 147 period of drought, re-watered plants showed restored photosynthetic activity up to ~62%
148
(on average) of that observed in the well-watered controls (Fig. 1A) .
149
In trees, more than one study has shown that prolonged near-zero gas exchange 150 may translate into a higher risk of mortality (Poyatos et al., 2013; Mitchell et al., 2014) . It 151 is clear that gas exchange, water transport, and growth decrease during drought, but the 152 temporal sequencing of these events in relation to mortality is still unclear in both 153 herbaceous and woody plants (Mitchell et al., 2013) . Considering the high level of 154 segmentation in plants (Zimmermann, 1983; Tyree and Ewers, 1991) , the onset of near-155 zero gas exchange in the droughted plants may be partly the result of sacrificed mature 156 organs of the plant (i.e. leaves), a process that preserves meristematic tissues that are 157 crucial to re-sprouting following stress (Sutinen et al., 1992; Petrov et al., 2015) . Our 158 results confirm that near-zero gas exchange is one component of drought stress response.
159
However, here we show that very low values of gas-exchange can appear relatively early 160 in droughted plants, when re-watered plants are (on average) able to recover to levels 161 prior to drought (Fig. 1A) . Deleted
162
In several studies of gymnosperm tree death, visual mortality has been defined as 163 reddening or browning of needles (Anderegg et al., 2012b; Zimmermann, 1983) ; here we applied the same approach to B. rapa re-watered for 7 days. Since prolonged lack of 165 meristematic activity (assessed in terms of new visible growth) eventually leads to death 166 (Sutinen et al., 1992) , we scored a plant as dead when the last meristematic tissues 167 remained brown and brittle in the re-watered plants (Fig. S3A) . Also, visual mortality can 168 be defined as the percentage of replicates plants that fail to recover (100% being equal to 169 the entire cohort of re-watered plants) when the stress is relieved (Fig. S3B) . For 170 herbaceous plants, the first visual sign of water stress is wilting of the aboveground 171 biomass when compared to well-watered controls (Fig. S4AB) . In our droughted plants 172 this loss of turgor pressure was only partly evident on the sixth day of drought treatment
173
( Fig. S4C) , and none of the plants showed visual mortality after 7 days of re-watering 174 over the same period of drought (Fig. S4E) . After 8-10 days of drought, all droughted 175 plants displayed multiple leaves visibly bleached of pigments (Fig. S4D) , corresponding 176 to the reddening of needles in conifers. However, after 8-10 days of drought, re-watered 177 plants were able to largely recover gas exchange levels (Fig. 1AB) . After 11 days of 178 drought, several leaves began to crumble when clamped for gas exchange measurements 179 (Fig. S4F) . This symptom was variable among plants and among leaves of the same 180 plant; nevertheless, recovery of gas exchange after re-watering was still possible among a 181 small number of plants at this time (Fig. 1A, S2) . Interestingly, some re-watered 182 individuals were able to produce new growth during the recovery time. However, 183 regardless of the number of days of treatment, the final response to drought stress was the 184 loss of the active meristematic tissue located at the innermost part of the stem (Fig.   185   S4GH ). Elsewhere, (Sala et al., 2010) replicates and microenvironments, and no significant differences were noted among 204 treatments (Fig. S5A) . When compared to the initial content (28 DAS), the NSC for 205 droughted plants (subjected to drought treatment for longer than 8 days) increased more 206 than 100%. Similarly, starch content increased with a maximum gain of 48% in plants 207 droughted for 12 days (Fig. S5B) . The trend at the whole-plant level (i.e. the sum of leaf, during drought, very likely because of reduced translocation (Muller et al., 2011 ). An 214 increase in the carbon storage pool (Fig. S5B) can also reflect the role that soluble sugars 215 play in osmotic adjustment and ROS regulation, both of which lead to alkalization of the 216 cytosol that in turn disrupts membrane function (Sundaresan et al., 2015) . None of the 217 droughted or re-watered plants experienced carbon starvation going from mild to lethal 218 drought stress in our experiment ( Fig. 2A; S5AB ). During our experiment stomata closed 219 only two days before all plants were dead (14 days into drought), but near-zero or 220 negative values for daily carbon gas exchange were experienced starting from day 6 in 221 the droughted cohort and day 10 in the re-watered one ( Figure S2 (Fig. 2B) . Once re-watered, most replicates (100% after 6 days, 75% 233 after 8 days of drought) recovered gas exchange activity (Fig. 1A) . It is noteworthy to 234 mention that stomatal closure is controlled by both hormones and water status of the leaf, 
249
There is no consensus on how to define hydraulic failure (Anderegg et al., 2012a; Meir et 250 al., 2015; Mencuccini et al., 2015; McDowell et al., 2008; Sevanto et al., 2014a), 251 although it is at times described as the absence of hydraulic conductance after re-watering 252 (Brodribb and Cochard, 2009; Sperry et al., 1988; Mackay et al., 2015) . The recovery 253 ability of xylem itself makes hydraulic failure extremely difficult to quantify and with 254 high chance for artifacts (Sperry, 2013) . While clear thresholds defining hydraulic failure showed an electroconductivity increase higher than 80% after 14 days of drought 274 treatment ( Fig. S3AB; 3A) . Consequently, we advocate the use of electroconductivity 275 increase (%) as a reliable metric for the time of death from drought, alleviating the need 276 for visual assessment of mortality after re-watering.
277
In a follow-up experiment, utilizing the same experimental design, B. rapa (R500) 278 plants were analyzed for electrolyte leakage at both the leaf and root level. Interestingly, 279 root electrolyte leakage increased at the same rate as leakage in the leaves (Fig. S6) , 280 suggesting that, in herbaceous plants, cellular failure may be triggered simultaneously in 281 different organs as supported by recent work in Solanum lycopersicum (Skelton et al., 18 2017). However, in trees and perennial plants, a higher level of hydraulic segmentation 283 may cause differences in the time to death among organs (Tyree and Ewers, 1991; Muller 284 et al., 2011) . Electrolyte leakage derives from cellular membrane failure, which has been widely studied due to its central role in programmed cell death (PCD) and regulation of 286 growth, development and differentiation in both plants and animals (Foyer and Noctor, 287 2003; Pennell and Lamb, 1997 (Griffiths et al., 2014; Mitra et al., 2014; Gashi et al., 2013; Farrant et al., 2012 (Fig. 3B) . At each harvesting time, droughted 310 plants with an electroconductivity increase greater than 80% also showed no sign of 311 variable chlorophyll a fluorescence (Fig. 3AB) . The visible decrease of Fv during the 312 drought treatment resulted in a steady and significant decline in the average Fv/Fm with 313 respect to well-watered plants (maximum efficiency of photosystem II under dark 314 acclimated conditions) for both droughted and re-watered plants (Fig. S7) .
315
Both the percent electroconductivity increase and the image of Fv in droughted 316 plants ( Fig. 3AB ) correlated with the visual assessment of percent mortality of re-watered 317 plants (Fig. S3AB) . Visible mortality reached 100% for re-watered plants experiencing 318 14 days of drought (Fig. S3) . Correspondingly, 100% of droughted plants showed an 319 electroconductivity increase higher than 80% and no sign of variable chlorophyll a 320 fluorescence after 14 days of drought treatment (Fig. 3AB) . Both electroconductivity 321 increase and fluorescence have been identified previously as direct, mechanistic 322 indicators of abiotic and biotic stress at the leaf level, and they are systematically 323 interconnected (Griffiths et al., 2014; Babu et al., 2004) . However, these two traits have 324 never been considered in the debate on the causes of drought-induced plant mortality, and 325 none of the current models accounts for them (Steinkamp and Hickler, 2015; Anderegg et 326 al., 2012a; Choat, 2013; Meir et al., 2015; Mencuccini et al., 2015) .
327
Plant survival during our experiment was variable; single plants experienced 328 mortality between day 8 and 14 of drought (Fig. S3AB) . Figure S8 consistent with high variability in the gas exchange values at that stage ( Fig. 1; Fig. S2 <0.2) with survival in re-watered plants (Fig. S9) . Fresh biomass at harvest might be a 341 good indicator of survival in the cohort of droughted plants but not for re-watered plants.
342
Utilizing the same experimental design, a second genotype of B. rapa, imb211,
343
showed identical trends to R500 in all measured physiological traits. Relative to R500, 344 imb211 is differentiated at 331K SNPs (Devisetty et al., 2014) , flowers 51% earlier, and 345 accumulates less biomass. As expected, the changes in gas exchange observed in R500 346 also preceded mortality in imb211, but the timing was slower, with negative net 347 assimilation occurring after 14 days of drought, near-zero gas exchange values occurring 348 at 18 days, and 100% visual mortality occurring in re-watered plants only after 22 days of 349 drought treatment. In imb211, hydraulic limitation started later, and this genotype died 350 after a longer period of drought, most likely due to its smaller size with respect to R500 351 and its correspondingly slower use of soil water (Fig. S10) . Despite the substantial apply a re-watering treatment to the branches collected from the field, and death was 369 scored as the time when all needles were completely brown (Mitchell et al., 2013; 370 Anderegg et al., 2012b; Zimmermann, 1983) .
371
For both species, in both field and lab conditions, the time-course of measured 372 sugars (Fig. S11AB) over time was indicative of needle death. Also, a plot of 373 electroconductivity increase (%) versus Ψ L , (Fig. S11C) shows how leaf water potential,
374
was not significantly correlated to death assessed as complete browning of the needles.
375
For spruce only undamaged green needles from the field were analyzed because this 376 species turns yellow and loses its deleted needles upon beetle attack (Wiley, 2015) . (Fig. S12B) . In both years, the 379 bench-drying experiment provided better temporal resolution of membrane failure 380 following drought (Fig. S12A) . However, in both conifer species, Fv'/Fm' and 381 electrolyte leakage were good indicators of viability and eventual death, as was the case 382 in imb211 and R500 (Fig. 4) .
383
Overall, our results show that both carbon starvation, if present, and hydraulic
384
limitations are macroscopic signals of mortality, which take place at whole-plant scale and they can be recovered to certain extent (Fig. 2AB) . Drought events may vary in 386 intensity and duration causing either of these two macroscopic symptoms to prevail over 387 the other (Fig. 5AB) . Simultaneously, either one or both these distal symptoms may 388 trigger membrane disruption at a cellular scale (Fig. 5C) . When the stress is severe, 389 plants can cross a threshold to complete membrane failure, which results in plant death 390 (Fig. 5D) . Dehydration may lead to fatal membrane failure through either physical or 391 biochemical effects in cells. In the first case, the lack of water will alter the osmotic mortality that we defined (Smirnoff, 1998; Spìchal, 2015) .
398
Based on the results of our drought and re-watering experiment, we functionally 399 define plant mortality as a threshold in membrane disruption from which plants cannot 400 recover. Our proxies for point of death, e.g. fluorescence and electrolyte leakage, are very 401 likely correlated to hydraulic failure, even though further and more direct analyses of 402 embolism are needed to confirm this hypothesis.
403
We confirmed fluorescence to be a non-destructive and rapid screening method to 404 assess the degree of drought stress from mild to lethal and we suggest the loss of variable 
Conclusions:
413 During the last decade, the scientific community has focused on determining 414 hydraulic thresholds and sugar content levels that possibly lead to plant death. However, 415 modeling these traits has not successfully predicted plant mortality (Anderegg et al., 
458
On day 29 after sowing (DAS), watering was withheld, starting an incremental decrease 459 in the volumetric soil water content for the droughted plants (Fig. S1) . At this point,
460
every other day subsets of at least 6 plants were measured and harvested from the 461 droughted plants along with 8 well-watered controls (Fig. S1A) . At the end of each 462 harvesting day, subsets of 6 droughted plants were re-watered for the subsequent 7 days.
Starting on 39 DAS, every other day subsets of at least 6 re-watered plants were 464 measured and harvested along with 6 well-watered controls of the same age (Fig. S1A) .
465
The controls did not show any significant variation in their gas exchange, which might be 466 anticipated if plants were senescing, over the course of the experiment. Each day, 467 droughted and re-watered plants were visually examined and photographed for mortality 468 assessment (Fig. S3) . Plants were considered living if they maintained any meristematic (Koide et al., 2000) . To 473 determine the response to the drought/recovery treatment, gas exchange (Long and 474 Bernacchi, 2003) was measured on the youngest fully expanded leaves every other day.
475
At every time point, photosynthetic capacity (A max ) and stomatal conductance (g s ) were 476 measured, using two portable gas exchange systems (LI-COR-6400XT; LI-COR
477
Biosciences Inc., Lincoln, NE, USA). All spot measurements were taken from 9:00 a.m. 
499
Measurements of Fv/Fm at predawn were taken according to Murchie and Lawson, 2013 . redundancy, we present only data collected with the FluorPen, because this instrument is 522 both accurate and allows for higher phenotyping throughput than the Li-COR 6400-40.
523
A kinetic fluorescence imaging system (Closed FluorCam, PSI, CZ) was used to 524 measure chlorophyll fluorescence kinetics parameters on intact leaves according to 525 Schreiber et al. (1986) . At predawn, dark-adapted plants were exposed to a short (0.800s) Water-soluble sugars in the collected extracts were determined using the anthrone 533 method (Seifter et al., 1950) . At dusk every other day plant material was collected, flash-534 frozen and pulverized. After air-drying, 0.1g of the resulting sample was put into a 15-ml 535 centrifuge tube and 10 ml of 80% ethanol were added. The mixture was incubated at 536 80°C in a water bath for 30 min, and then centrifuged at 4000 RPM for 5 min. The pellets 537 were extracted two more times with 80% ethanol. An aliquot of the extract was 538 hydrolyzed in 5 ml anthrone solution (4 g anthrone in 1000 ml 95% H2SO4; evaporation. Starch in the residue was released in 2 ml distilled water for 15 min in a 545 boiling water bath. After cooling to room temperature, 2 ml of 9.2M HClO 4 were added.
546
Starch was hydrolyzed for 15 min. Distilled water (4 ml) was added to the samples. The 547 samples were then centrifuged at 4000 RPM for 10 min. The pellets were extracted one 548 more time with 2 ml 4.6M HClO 4 . Supernatants were retained, and the starch 549 concentration was measured spectrophotometrically at 620 nm using an anthrone reagent.
550
Glucose was used as a standard. The starch concentration was described on a dry matter 551 basis (% DW).
552
In order to determine the time course of electrolyte leakage during the drought Discs from the same leaf were put into 20 ml of deionized water in a test tube and an 556 initial electrical conductivity measure (EC i ) was taken (BlueLab ECmeter, NZ). Then, the 557 tubes containing the discs were left in the dark at room temperature, and a second 558 measurement (EC f ) of the same sample was recorded after 24hrs. Following these 559 readings, samples were boiled in a waterbath, cooled at 25°C, and the total electrical 560 conductivity (EC t ) was measured. Electrolyte leakage was expressed as:
]. This same procedure was later utilized in a follow-up experiment where B. 562 rapa (R500) plants were also analyzed for electrolyte leakage from roots. In that 563 occasion, ~0.01 g of root material were also collected to determine the time course of 564 electrolyte leakage during the drought and recovery time. The same experimental 565 protocol and growth environment were utilized to obtain cohorts (well-watered, 566 droughted and re-watered) of imb211 plants. In this case, the recovery was performed 567 until 22 days of drought treatment with harvesting and measurement days prolonged to 568 day 56 after sowing for droughted plants and 63 for the re-watered ones. All techniques 569 described for R500 were also applied to imb211 genotype.
570
Similar techniques were used on conifer needles collected from the field. of xylem (Wiley et al., 2015; Hubbard et al., 2013; Frank et al., 2014 
